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ABSTRACT

Within theLight Water Reactor Sustainability (LWRS) Prograhe Flexible Plant Operation and
Generation (FPOG) Pathway works to diversify the revenue streams of light water reactors (LWRS) by
opening opportunities for the @eneration of norlectric products in addition to supplying electrical
power to theeledricity grid. Producing hydroge(H2) with maximum efficiency using nuclear power
requires dispatching both electrical and thermal power from the nuclear plant k& thlant therefore,
developing and provingoncepts of operations for combined electrazal thermal power dispatch (TPD)
from anuclear power plantNNP) to aH- plant is of interestCoupling theNPPpower generatiodeck to
aH; production facility introduces nevisks, especially during@perational transient€onsequentlyit is
important to evaluatbow these transients can be observed and managed by the NPP operators.

This report summarizes progress in developing and testingdojpe NPP simulators at thidaho
National Laboratory (INL) Human Systems Simulation losatory(HSSL) that arebeing used teest
operating concepts, address human factord,proveNPP operators can reliably and safely dispatch
thermal and electrical power td+ plant Development and testing of NPP simulators addresses two
principal LWRS needs. First, testing of simulators with human operators itimeaprovides validation
of the concepbf-operations to ensure the modifications tofRPenable achieving the inteed
objectives of rapid dispatch of both thermal and electric power while not compromising safety, including
human factors considerations. Second, testing the simulators-itimmeakith human operators and
physical hardwarén-the-loop (HWIL) verifies thefunctionality and safeguards in the proposed control
systems.

Generic NPBimulatos for a pressurized water reactor (PWR) arlabiling water reactor (BWR)
havebeen modifiedy GSE Solutionso support theseesearch and developmeR&D) efforts.
Additionally, aPWR simulatoffor a specific thredoop NPPis beingmodifiedby Westinghouse Electric
Corporation (Westinghous#&) support thisvork. Coordination withlead utilitiesto develop plant
specific simulators for use in the utilityatning simulator is also beingursued

A Cooperative Research and Development AgreemdRAA) between Battelle Energy Alliance
LLC (BEA), andWestinghousevas approved bthe United States (U.S.) Department of Ene@@E)
to support the LWR®rogram efforts in using LWR simulators to develop operating concepts and control
systems for dispatching nuclear energy to the industrial applications. The CRADA will first focus on
modifying athreeloop WestinghousPWR reactor. With simple adjustmentshe threeloop simulator
alsowill providea closerepresentationf the Westinghouséwo-loop and fouloop PWRreactors.

Two versionsof the GSE SolutiongoupledBWR/H, plantsimulatorhave been developethe first
uses synthetic oil as a heat trandfieid (HTF) in a closed delivery heat lodp generate steam at the
plant while thesecond uses steam as HiEF to directly provide steam to thid; plant. The estimated
thermal power delivery distance is approximately one kilonfetdvoth simulatorsThe amount of
thermal power dispatched in the simulators is 15% of the total reactor thermal power

Themodified PWR and BWR simulators l3SEwereverified by evaluatinghe NPP thermal flows
and core heat ratesponseas theH- plant transitioedfrom Hot Standby toFull Capacityin undertwo
hours.For the simulator that employed synthetic oil as the HEBteam flow increases in thgtraction
steam line XSL), flow through the turbine and feedwater heater systems desssasgpected, which
causes the feedwater temperature entering the reactor to decrease from 423°F to 409°F. In this simulation,
as the flow in the %L increased to 39Ibm/s, the reactor power increased from 100% to nearly 102%.
Maintaining the reactor poweonstant while increasing flow in the XSL would require decreasing the
feed water flow, which would further decrease turbine power produdti@simulations also included
transitioning theH; plant from operation &ull Capacityto Hot Standbyby decrasing the steam flow in
the XSL. In those scenarioss the steam flow in the L decreased, the reactor power returned to 100%
as expectedrhis work confirms the need taldress operational transitions as part of the LWRS effort to



develop human factorsperating concepts, and control systems logic and programming for
implementation and practice.

Results obtained usirtge simulator that employed steam as the M/EFe described in a manuscript
that was submitted to the peeviewed journglProgress in Nuclear Energwhichis included in this
report asAppendixA. The modified simulators by GSE, Westinghouse, and affiities will continue
to be used ifiscal yean(FY)-2023 to support the technical objective of the FPOG Pathway.
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NPP SIMULATORS FOR COUPLED THERMAL AND
ELECTRIC POWER DISPATCH

1. INTRODUCTION

Within theUnited StategU.S.) Department of Energy (DOEj)ght Water Reactor Sustainability
(LWRS) Program the Flexible Plant Operation and Generation (FPOG) Pathway works to divigtsify
water reactor (LWRjevenue streams by opening opportunities fegeoeration of nowlectric products
in addition to supplyin@lectricityto the grid.SpecificFPOG Pthwayresearch objectives include:

1. Developing design and cost estimates for thermal and electric power dispatch from a representative
pressurized water reactd\WR) and representativieoiling water reactorBWR) to tertiary industrial
loads at differentdvels ranging fromi.0i 70% of the total rated reactor power.

2. Developing conceptsf-operation for dispatching thermal and electric power from representative
LWRs to the electric grid and tertiary industrial loads

3. Developing automated control systems farsin operations. Different control systems will be
developed independently that can be used to rigorously meet the requirementd.sf kheclear
Regulatory Commission (NRC) for specific plants and for sharing with stakeholders to assist in
hardware integation.Nuclear power plants (NPPs) are licensed by the R&&dn Final Safety
Analysis Repor (FSARS), which specif the operating conditions dfi¢ NPFs.

4. Testing proposed concepts of operatiand integrated system performance using human opémnator
the-loop (HOIL) and hardwarin-the-loop (HWIL) tests. These tests will employ reduaeder
(R/O) and fullscope simulators, as needed, to demonstrate the feasibility of dynamic operations in
normal and offnormal events

Recent events have added greater motivation to these efforts. For example, thd. 8 deftation
Reduction Ac{IRA) offers substantial tax incentives for producing clean hydrdgen Coupling NPPs
to watersplitting electrolysis plants offers additional advantages.exampleH, produced withwater
splitting electrolysigechnology ilean and pur, thusmaking it suitable for decarbonizing a wide range
of industries, includinghe production of fertilizer, steel, cement, and transporta##imotheradvantage is
the ability to ramgH; production up and down in a short period of timvichcouldallow NPRsto
quickly switch the electricity supply between the grid and the electrgiisi$to meetelectricityneeds
and qualifyfor participaton in grid-spinning reserve marketSortunately, lie technology readiness level
(TRL) of dispatchable and higgfficiency H. production has dramatically increased in a saorount of
time such that these coupled systems will be able to come online within the next few years.

This report documents progress toward accomplishin§jrdteéwo objectives to designthermal and
electic power dispatch from a representative PWR arepresentative BWR to tertiary industrial loads
at differentpowerlevels as well as test the concejasoperation using simulatorSpecifically, for this
work, GSESolutionsprovided a full-scope genér boiling waterreactor (GBWR) simulator tmaho
National LaboratorylNL) and then partnered with the University of Florida to modify that simulator for
dispatching thermal and electric power to a Higimperature electrolysis (HTHE)y production plant. Two
differentversions of the modifietull-scopesimulatorwere developed for dispatching thermal power.
Both versionsemployed ahermal power extraction (TPEubsystem for removing steam from the BWR
andseparatesubsystemso deliver heat to the HTE plant. The difference is that theimgionemployed
synthetic oil as the heat delivery fluid (HTF), while the seaaselisteam Simulations were performed
using both version® test the transientsponse o BWR plant due to thdispatch of electric and
thermal powerDetails of theGSEGBWR simulator and thievo versions modified fothermal power
dispatch TPD) operations argivenin Section2. Ongoing and future work involving a PWR simulator
from an architectural/engineering (A/E) firmgsovidedin Section3. Conclusionsare inSectiord.
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2. GSE GBWR SIMULATORS
2.1 GSE GBWR Original (Unmodified) Full -scope Simulator

The GSE GBWR simulator is an adaptatf an actual plant simulator, currently in use by the NRC
in operations examiner training. This simulator was develop&glS#y Solutionsnd replicates a certain
General ElectricGE) BWR/4. It has been maintained and modified by both the NRC and GSE
modifications are ongoing. The primary thermohydraulic model has been upgraded to the Gigte real
Reactor Excursion and Leak Analysis Progi@&LAP)-5 package and the reactor neutronics are
represented by the GSE REMARK model. Many secondary systenmaplemented in a negraphical
modeling technology (legacgpde;however the Primary Containment and Reactor Building models
have been replaced with the GSE JTopmeret modeling package. Similamgtthetor statioruses the
current GSE Java Instrige Station (JIS).

The GBWR simulator wasrigjinally developeds a haddpanebsimulatorbut hassincebeen
modified to replace the original control room contr@g(,switches, lights, metersjith an emulated
digital controlsystem(DCS) scheme. Thiadaptation permits the GBWR to be conveniently operated in a
classroom setting or on individual personal computers. This emulated DCS representation replaces only
the control room physical hardware; the simulated operational and control logic remariggatly
designedThe original (unmodified) GBWR was provided to INA&s well as two versions that were
modified for TPD operationg.he GBWR/TPDproject was staged on a G8gerated virtual machine
(VM), while aMantis Bug Tracker project was creatad used for version control and to documinat
resolutionof issues that were encountered.

HOIL testingrequires a simulator to suppdine planned researeimd development (R&Dactivities
to develop, evaluate, and demonstrate a Teixeptof-operationsFor this purpose, @BWR simulator
was installed at Figuteh bnagdsofthe,simaasor renhimyuwnnHSSLrare
displayedn Figure2(a). Unlike theGSE GPWR simulator, which represents a largely analog control
room, the GBWRsimulatoruses windowed displays to represent all the planésys as featured in
Figure2(b), Figure2(c), andrigure2(d), respectively. This change represents a fundamental shift in
control room operations and provides a valuable capability for the planned operator studies.

Figurel. The INL HSSL showing the GSE GPWiRnulatoranalog control room panels represented
virtually on touch screen displays.
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Figure2. Images of the GBWR simulatar the HSSL(a) operator workstatignb) main menu
navigation (c) overview display containing plant summaand(d) main turbine system

In addition to the simulators developed in collaboration with GSEyaperative Research and
Development Agreement RADA) between Battelle Energy Alliance, LLC (BEA), akstinghouse
was approved by DOE to support LWRS Program efforts in using LWR simulators to develop operating
concepts and control systems for dispatching nuclear energy to the industrial applicatiotssoDetai
simulator development with Westinghousedescribed in Section 3.

2.2 GSE TPD GBWR Simulator Version 1

As noted above, two different versions of the modified$atbbpe GBWR simulator were developed
for dispatching thermal power. Simplified processvldiagrams (FDs) of the two modified versions are
shown inFigure3. The first employed synthetic oil as the HT#hich isshown inFigure3(a). The
synthetic oil is heatedsingsteamextracted from thenain steansystem at the common steam header
outside theprimary containmenilhe steam bypasgalves in the GBWR plant desigme connected tie
same locatioin the main steam header, so there is already precedence and basis for extracting large
amounts of steam from this location. The line that carries the steam extracted froairttsteam éader
is referred to as thextraction steam lin€XSL). A heat exchanger transfers heat from the extracted steam
to a closed loop of synthetic oithich isreferred to as thdelivery heat loogDHL) thatresults in
condensing the steam. This heat exglearis located near the BWR to minimize the volume and latency
of the steam flow in the XSL. The product condensate is returned toatineondenserThe DHL



includes a second heat exchanger that transfers heat from the oil to deionized (DI) or depdn@&ri)
water to generate steam that is fed toHh@lant. The second heat exchanger is located ne#hthiant,
which may be several hundred meters or even kilometers distant from the BWR.
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Figure3. Simplified PFDs forthe GSE TPD GBWRimulatorsusing(a) synthetic oiland (b) steam as
the HFT.(DI i Deionized WaterFDW'i FeedwaterHP i High-Pressure HTR1 Heater;LP i Low-Pressure;
MSRi Main Steam ReboileXSLi Extraction Steam Line)

The design of thisystem closely follows a design developed by INL (Hancock, Westover, Luo;
2021). A potential issue with this design is that radionuclide contaminants, including tritium and mixed
fission and activation products, could be transferred from steam in theaXBé& synthetic oil in the
DHL through small leaks in the XSL heat exchanger. Methods must be developed and approved to
measure radioactive contaminants in synthetic oil before this design can be implemented because the
synthetic oil in the DHL crosses tpeotected area boundary.

The THD subsystems simulation also incledbe modeling of several control loops controlthe
extraction steam, various tank levels, andDkt. flow and return temperature. These loops include a
simplified humanmachine intedice HMI) placed directly on the network diagrams, as well as additional
remote functiorcontrol actions realized through the GBWIS operator interfacel heinitial designof
this TPD subsystenwvas capable of deliving approximately7% of the GBWRratedreactor thermal
powerof 175megawatt thermalMW1) to theH; plant Laterthis design wasprated to deliver
approximatelyl 7% of the rated reactor powef 420 MW, to theH, plant The University of Florida
carried out testing of thigpdatedVersionl of theGSE TPD GBWR simulator

2.3 GSE TPD GBWR Simulator Version 2

As noted above, the secovgrsion of the GSE TPBBWR simulator uses steam as the HAF.
simplified PFDis shown inFigure3(b). The use of steam allows improved performance as the steam is
directly usabléby the H; plant, so that the DHlfilled with synthetic oil is completely eliminated. Using
steam as the HTF babther advantages as well. For example, the pumping power requirement for using
steam as the His approximately 10 times lower than that required for synthetic oil because steam can
transfer much more heat in the form of latent heag. (heat releasedthen steam is condensed to water).
Water is also a lessxpensive HTF than synthetic oil, which becomes more important as the separation
between the BWR anid, plant increases. Finally, methods have been developed and approved to
measure concentrationsraidioactive contaminants in steam, so that potential releases of contaminants
outside the protected area can be monitored. Protecting against unintentional releases of contaminants
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may require a more sophisticated TPD design than is shokigune3(b). For example, an additional
steam loop may be required, similar to the DHL, showFfigire 3(a).

Theinitial designof Version 2 of the GSE TPD GBWR simulatdso followed a design previously
developed and tested at INL for TPD from a PWHrfcock, Westover, Luo; 20R1n this degin, a
Kettle reboiledwas used to condense the steam indBe and boil the water going to th& plant.
Later, GSE modified the design to uséhtermosgphon reboilebrather than dkettle reboile®The newer
design involves a separator above a closed circulation loop containing a vertical heat exchanger. The
extracted steam is conducted to one side of this heat exchanger as heating fluid, and the density difference
between the downcomer from the separatorthadiser/heat exchanger drives the natural circulation
flow. This heat exchanger emplotygo-phaseflow on both sides of the heat exchangerthaheating
steam condenses as the secondary circulating fluid boils. This design could be scaled guitg easil
adding additionathermogphonloops to the single common separator, each with its own heating steam
admission valve. In this case, the feedwater connection would be moved to the common s&parator.
levelin the separator is controlled similato a natural circulation boiler by adjustitige feedwater flow.
The details of this design atiteresults from the simulations were described in a manuscript that was
submitted to the peaeviewed journalProgress in Nuclear EnergyAn updated version dhis
manuscript is included in this reportAgpendixA.

2.4 Results for GSE TPD GBWR Simulator Version 1

Simulations were performed to test the transient respaidmth GSE TPD BWR plantsimulators
as theH; plant transitions frontHot Standbyto Hydrogen Productioat full rated capacityResults for the
first version of the simulator are presented in this section, while results for the second version of the
simulator are presead inAppendixA. Production o at full rated capacitgorresponds to dispatching
approximately 15% of the steam from the main steam header or/3@® dbeam. For simplicitytis
assumed that the steam extraction duHiog Standbyis negligible and that the steam flow rate through
the XSL increases at a rate of 10 Ib/s per minDteea steam flow of 390 Ib/s was achieved in tHgLX
the steam flow was held steaalythat véue for 15 minutesandthen ramped down 40 Ib/s per minute
until 0% flow was achievedn addition to thesteam flow ratén the XSL, the other parameter that was
controlled waghe temperature of the oil that was delivered toHhproduction facility That
temperaturevas held constant at 510 Bl adjusting the flow rate of oil in the DHL. It was further
assumed that the. plant adjust H, production and thereforgectric power and heat consumption to
match the heat delivered by the DHL.

Figure4 shows the flow in the main steam line, the steam flow to turbine, the steano k8L, and
the turbine electric poweturing the simulationAs steam flowncreases in the XSL, flow through the
turbine and feedwater heater systems decsegsexpectedvhich causes the feedwater temperature
entering the reactor to decredismm 423F to 409°F, as shown Figure5. The change in feedwater
temperature causes inverse changes in reactor power betaanmstant flow rate the reactor void
fractionchanges with feedwater temperature. Lower reactor void fraction corresponding to lower
feedwater temperatuiacreases neutron moderatiand thus increases BWR reactor povireithis
simulation, as the flow in th¥SL increased to 390 Ib/he reactor power increas&om 100% to nearly
102%.As the steam flow in thESL decreased, the reactor power returned to 100%.decrease in
reactor void, main steam pressure and reactor dome pressure are all shigureié. Maintaining the
reactor power constant while increasing flow in the XSL would require decreasing the feefiowater
which would further decrease the turbine power productioing the tansition

A-5



Mass Flow Rate (Ibs/s)

Figure4. Steam flow rates and turbine electric power for the transition to 15% TPD
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3. FUTURE WORK
3.1 Overview

The development and testing of NPP simulators addresses two principal LWRS needs. First, as noted
above, testing of simulators with human operators intieed provides validation of the conceqft
operations to ensure the modifications tokPenable aching the intended objectives of rapid
dispatch of both thermal and electric power while not compromising safety, including human factors
considerations. Second, testing the simulators intie&l with HOIL and physicaHWIL verifies the
functionality andsafeguardsf the proposed contrefystems.

Three types of control systems will be developed in this work. The control systems differ in their
fidelity and the associated level of public accessibility. Models with-fidghity and complexity are
proprietary and much more difficult to use, while reduagder (R/O) models with lower fidelity can be
made publicly available and have much lower barriers to learn and modify to explore consequences of
new control architecture¥he three types of control systerand future project plans have beescribed
in a previous reportWWestover et al., 2032therefore theyareonly briefly summarized here.

The first type of control system a generalized system that ajg@to R/O simulators. Thig/pe of
control systenis developed and implementedRgthon or a similar universal programming language
whichwill be shared with partners to suppodilaborations to advance coupling NPPs to tertiary
industrial loadsThis is the principal type of control system that will be used in HWIL tests that couple
industrial equipment, such &85 E H; production systems, to NPP simulators to verify compathli
control architectures with physical equipment. This project has an internal milestone2022ty
develop and testr@ducedorder model for thermal power dispatch from pressurized water reactor
(R/O-TPD-PWR) simulator with automated controlbhe testing of that control system will include
HWIL tests using a 25+kWolid oxide electrolysis ce{(SOEQ system to verify intepperability of
controls and communications between the S@Egical hardwarand simulator

The secondype ofcontrol systen is provided byfull-scope NPP simulator vendand will include
dynamicTPD to tertiary industrial loagl such ad1, plans. This type ofcontrol systenis embedded in
modified fulkscope NPRBimulatos andhas relatively simple automated contrelwith complete
descriptions publisheftbr public dissemination and unrestricted .UBee modified TPD GBWR
simulators described above fit in this categdiye control systems developed fyl-scopeNPP
simulatorvendorswill focus on elatively lowlevels of TPD (e.qg.,less tharapproximatelyl0% of rated
reactorthermal power)The actual design and function of the control system will be made available to
partner institutions.

This project has an internal milestone in JAG23to devdop and test éull-scope TPD PWR
simulator with automated controlBhat test will verify thastandard operationsuch as transitioning a
coupledH; plant between operating modean be performed automatically while maintaining the PWR
in normal operating conditio’\ contract has been set up WBSE Solutionsand work is proceeding to
accomplish that milestone.

The third control system will be provided bye or mored/E firms and tested by human operators
using a modifiedull-scope NPP simulat@iso provided by the A/E firathrough CRADAs. The
operators will interact with the simulator and control system through a realistic HMI in a control room
environment. The control systeprovided by the A/E firm will be designed to meet all applicable
requirements as determined by the A/E working with partner groups, sGeingesit and Lundy (S&L)
and the HydrogeRegulatory Research and Review Group (H3RG). The design requiremeotmnnodl
system results will be openly published, but the actual control system will be proprietary and will not be
shared.
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3.2 Developing, Installing , and Testing a Full-Scope Simulator
Provided by an A/E Firm

A CRADA (22CRA18)was established with Westingheus October2022 to develop and test a
Westinghous& PD simulator. The intent is that PWR and BWR TPD simulators will be ultimately
developedvith iteratively refined models suppig various levels of TPDINL and Westinghouse
reviewed the available simulatdrsatWestinghouse could provide and mutually selected a suitable
simulator thats representative of existingVRs operating in the U.SThe first TPD simulator that will
be developed and tested wi#t based on a PWR plant with two thleep Westinghouse reactors in
Asco, Catalonia, Spain.

Westinghouse PW&are sufficiently similar that a simulator of a thWleep reactor is an appropriate
representation famwo-loop andfour-loop reactorsaccountingor different power outputsThe thredoop
simulator will initially be modified for coupling to a 100 MW HTHE production plant that will require
approximately 25 MW while operating at its maximwunated capacitylin fiscal yeanFY)-2024, this
simulabr will be furthermodified for coupling to a 500 MWHTE H: production plantwhich would
require approximately 120 M\ andwill later be modified for coupling tother industry loads requmg
greater amounts of heat.

TheWestinghousaimulator is sirar to theGPWR simulator INL already obtained froBSE
Solutionsbut hasa few important added benefits. First, the Westinghouse simulator is based on digital
controls and has additional screens that can be called up to show parameter trends to assist operators in
decisionmaking. The Westinghouse simulator atesupgrades tohe controls and hardware
representations, such as valve actuators, that make it more realistic and flexible in terms of accurately
simulating and controlling plant resporfsem operator inputsEven withthese improvements, the
Westinghouse simulator sifficiently similar to the BWR simulatoralready available at the HS $that
theprocedures INL has already developed for TPD operatonbe used with the Westinghouse
simulator with little modificationBoth simulators are for Westinghouse thlteep PWR plants of the
same vintage and U.S. design.

Figure7 comparegpanel representations for the GPWR Westinghdwss® simulators. The
differences in the visual elemis are due to the physical control room panels virtually represented by the
simulators in addition to the graphical environments used by each of the vendors to build the software for
the simulationSpecifically,aesthetic differences in the panels andat@ns in the layout of the
individual elementsire apparent across the different paréie suite of instruments and controls are
systemdependenttherefore they have largely the same instruments and controls implemented with
specific plant variatios. In terms of layout, the analog panels are quite standardveattypical
arrangementf alarms positioned along the tapdication in the middleand controls arranged along the
bottom apron of the panel.
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Figure7. Comparison osimulatorpanelsdepicting similar general layouts of the instrumentation and
controls forthe Westinghouséleft) andGSEGPWR (centerand righj simulators.
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4. CONCLUSIONS

Coupling the power generation deckaofNPPto aH; production facility introduces new
possibilities for operational transients that must be addressed. In particular, the startup and shutdown
procedures of thel; production facility need to be evaluated to ensure there are no adverse efflets on
operation of the existing NPP. The coneepbperations involving the NPP, th& plant, and the electric
power grid must be tested usiNg’P simulators andperating procedurgblat have been modified for
TPD operations. These tests must also include dynamic simulations of coupled tertiary thermal and
electric loadsas well as coordinated activitiasth NPP operators, tertiary loagberatorsand grid power
coordinatorsThis report summarizes progress in developing and testingdolpe NPP simulators at the
HSSL, including a generic BWR simulator fradBSE Solutionsinda generic PWR simulator from
Westinghouse.

This effort lays the foundation to proceed in developing huraaioffs and testing operating concepts
prior to implementation at an actUdPP. Support from commercial companjasich as GSE,
Westinghouse, anotherNPP owners is important and signals the intent of the NPP indastontinue
the pusuit of H, producton to bolster plant revenues.

A discussion of technical conclusions is found inBliscussionand Conclusiorsection of the
research articlencluded inAppendixA. The LWRS programsupported CRADAesearctthatwill
continuein FY-2023 and FY¥2024 using theesimulator capabilities tdevelop and evaluate human
factors, operating concepts, and control systimaiscan be implemented at NPPs to dispatch thermal and
electrical power tdd; plants, as well as other industrial users.
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Abstract

The economic competitiveness of the current fleet of light water regtMfRs) may be improved by
coupling nuclear reactors to industrial facilities. This concept allows usinggiglity steam and electric
power from the reactor when the cost of electricity is low compared to the generation cost. One promising
application is hydrogn (H2) production. Understanding the plant response to steam offtake is important to
maintaining the safe operation of the reactor facility. Analysis has been done for pressurized water reactors
(PWRs) however, no previous work has been done for boiliater reactoréBWRs), whichmake up 30%

of the operating fleeih the United States (U.S.This paper demonstrates the feasibility of coupling a
generic boiling water react¢GGBWR) to aH: production facility The system response is analyzed for a
15% reduction in the electrical power outptihis work shows that when steam is extracted from the main
steam header, reactor power will increase beyond 100% rated power. We presentahddiilysis to
maintain power below rated conditions by varying feddweecirculation pump speeds.

1 Introduction

Nuclear energy has been a staple of {@rgn, consistent base load energy generation since the first reactors
came online for commercial energy gener aénergyn i n
portfolio of the United State§U.S.) has called for a change in the energy generation behaviors of
traditionally stable and consistent energy output. The transient energy production profile of renewable
energy sources, such as wind and solarchested a need for nuclear reactors to dial down core thermal
power to facilitate the purchasing of renewables when their energy production is the most ecqhpmical
This often means that nuclear reactors would operate at power levels significantly lower than the name
plate power rating, resulting in less efficient and economical energy prodyg}iomhis percussive
inefficiency, when carrying the effect of couplingnesvable energy with nuclear, resonates on a daily cycle,
leaving nuclear energy in a disadvantageous §atdhe injection of renewable energy production into

the energy portfolio of th&).S. is sought after and inevitable, which gives the nuclear energy sector an
opportunity to make nuehr reactors more diverse in their utility. The goal for both the-ferg health

and economic viability of the nuclear facility is to be able to maintain maximum power output for as long
as possibl¢l].

Hydrogen(H,), both as a fuel amahingredient in industrial processes, is widely used énglobal market.
Currently, the worldwide need fét, is roughly 500 billion standard cubic meters per year, with the most
notable consumer being fertilizer production uskhgto synthesize ammonid]. H. is widely used in
several other industry sectors as well, such as refineries, bulk chemicattwod fuel cell electric
vehicles, and erdse sectors utilizing natural gas as a fégl The drive to reduce carbon emissions has
created an opportunity for the capitalizatiorHafin tradtionally carbonfueled sectors. The advantages of
usingH; as a fuel are the significantly higher energy density, 140 MJ/kg versus 50 MJ/kg in traditional
solid fuels, and the only emission being wé@r The main envonmental disadvantage of usiklg is that

96% of the stock is produced via nmmewable fossil fuels, with the most notable being steam methane
reforming[4]. This method oH. production relies on the decomposition of methane into carbon monoxide
andHz, which requires temperatures in excess of°Z50o reach these temperatures, the most common

A-2

t



fuel that is burned is natural geH. It is clear that this process to proditecannot be an alternative to
fossil fuels because it is based on fossil fuels.

The simultaneous need for a carbdoge H, production method and the need for a flexibl¢idey load for

nuclear reactors offers new opportunities to use nuclear energy for dyapreduction. For example, a

H. production facility coupled to a nuclear power plé@PP)can rapidly ramp dowhl, production and

power demand when available renewable power drops due to changing solar or wind conditions. Similarly,
the H, facility can ramH. production back up and increase power consumption when renewable energy is
sufficient to meet grid needs. this way, the combined nuclelly system is able to support greater
penetration of renewable energy in the transmission grid.

The optimized pairing of nuclear reactors to advankkdproduction methods have been studied
extensively. The common conclusioor fthe most optimal pairing comes in the form of a very -igh
temperature reactg/HTR) paired with an advanced thermochemical process, such as theicdiifigr
cycle[7],[8]. A process developed by Argonne National LaborafaiyL) called the CtCl cycle shows
promise for the coupling dfl; production and nuclear enerf},[7],[9],[10]. With the hghest temperature
demand to complete the cycle being 500°C, this methdd.qfroduction is among the lowest of the
thermochemical methods. Though 500°C is the lowest target to prbiduités nearly double the average
core outlet temperature for LWR@#/ithout the use of a chemical heat pump to upgrade the temperature of
the steam, that puts the most efficient methodHogeneration out of the scope of possibiliigs]. All

H> production methods that dwt require electrical current as a driving fofegg., electrolysijsrequire
temperatures in excess of the average core outlet temperatures by more than double, which is vehy VHTR
and reactors with outlet temperatures higher than 650°C are prdfidted

The onset of a shared power grid is much closer to the present time than finishingctionsof a coupled
VHTR andH: production facility, therefore, analyzing the thermodynamic behavior of the existing reactor
fleet when paired with current technologies is of utmost importance. As the most optimal paiamég of
production method ananLWR has not been officially establist@dhough hightemperature hydrolysis

is a promising optiofb]d this analysis will focus on the thermodynamic response of transferring heat from
the powerloop of the reactor to a heat sink that represent$itheroduction facility. This analysis will
show the response of the LWR to ensure that the removal of heat from the power loop of the reactor will
not have deleterious effects on steady state norpedation or violate the design basis of the reactor
license. The heat that is removed could be used to sugpproduction or other industrial processes that
require heat, such as iron reduction, cement production, petrochemical refirdiggrict heéing. Previous

work performed a similar analysis using a generic pressurized water reaBMR) simulator as the
reactor type supplying the hedf. Previous work simulatinghe systemic regmse of aGPWR to the
diversion of steam to a similar system yielded promising results, though slightly gjafic demonstrate

the ability of both types of LWRs, and the possibility of arenstable system, this analysis will focus on
simulating the response of boiling water reactors (BWRSs) when heat is removed from the power system.

In this paper, a generimiling water reactofGBWR) is simulated to demonstrate that it can support what
would be equivalent to a 15%hegawatt electricalMWe) diversion of the steam from its primary steam
supply loop during steady state operation to feed the heat necessary to support attoppiddction
facility. A 15% MWe diversion of steam during steadtate operation for this simulated BWR equates a
drop from 845720 MWe generated by the turbine.
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2 Methodology and Design
2.1 Description of Software Used

Thegeneric boiling water react¢6BWR) simulation softwarereated by GSE a faithful representation

of a BWR5 plant, which allows the user to control all aspects of the plant, make changes, and test the
results of the changes. The GBWR allows the user to design specific scenarios that are used to stress the
plant in ways thiecannot beccomplishedh the real worldtherebyallowing researchers to suggest changes

to the systems and evaluate alternative solutibinsGSE simulators provide holistic environments to test

a variety of engineering changes and understand tHengact on integrated plant performance. They are

used to train nuclear, fossil, or process plant operators imeapower plant scenarios. Therefore, when

a simulator model is complete, it must accurately represent plant data for any given opquatcature

or accident scenario. GSE currently has a BWR model available for use for this research. The GBWR is
based on a General Elect(i6E) Type 5BWR with Mark Il containmen{13]. During the development of

this simulator, real plant data from the referencentpleas used to validate the models. This package
includesReactor Excursion and Leak Analysis Progi&@E&LAP), as well as legacy code that is available

for immediate use. The GBWR simulator is based on hundreds of FORTRAN source code files that invoke
various programs used ISE SolutionsThese include RELARBID, a modified version of RELARSD

for reattime simulation as well as JADE, a GS&wned software for generating thermodynamic and
logical flowsheets and source cod&28]. RELAPS relies on the solving of the six basic field equations for
two-fluid nonequilibrium flow[14]. The model consists of two phasic continuity equations, two phasic
momentum equations, and two phasic energy equations. The equations are recorded in differential stream
tube form with time and one space dimension as independent variables antsinftime and volume

average dependent variabléd]i [16].

Figure 1lis a simplified diagram of the process that is used to extract heat from the BWR and includes an
extraction steam line (XSL) that removes steam ftbmmain steam line and a heat exchanger that
condenses steam in the XSL before the condensate is skatrt@min condenser. Heat from condensation

of steam in the heat exchanger is used to vaporize deionized (DI) or deming2hPedater that is sent

to theH; or other industrial plant in a delivery heat line.

The GBWR simulator uses a graphical userrfatee (GUI) with screen drawings that are used to modify

the underlying model, so the XSL that extracts heat from the BWR is modeled as block items in the GUI,
as shown irFigure 2 Although for simplicity only a single heat exchanger is showfigare 1, two heat
exchangers are modeled in practice, as shovigure 2 The first heat exchanger is a condenser for the
steamwhile the second heat exchanger is a subcooling heat exchanger that increases enthalpy that can be
removed from the reactor side bktheat transfer system. JADE is used to interface the new items with the
RELAP model of the primary system. Pressure reliefs andlbeigh drains needed for the initial analysis

are included in the drawing and mogE3].

2.2 Description of XSL Design

The total stem flow rate is 10.57 MPPH with a 100% turbine power output of approximately 845 MWe.

A thermal power delivery system was developediphan steam directly from the main steam line. As

noted above, an extraction steam line (XSL) removes steam from thesteain line of the NPP and
delivers that steam to extraction heat exchangers. The steam extracted from the main steam line enters a
series of heat exchangers where demineralized water is heated and vaporized to produedityigkeam,

as shown irFigure 1 This steam then travels along a 1 km pipe to the theorktiqgdhnt where it may be

used directly foH; production or as a heat source. Any residual condensate is pumped back to the extraction
heat exchangers. A 1 km pipe is used in the simuldtodemonstrate the ability to deliver steam to
industrial heat users a significant distance away without a significant reduction in steam quality.
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Figure 2.Schematic of the XSL. This schematic shows the flow of steam from the main steam line to the
heat exchangers that provibeat to thdH2 production facility.
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Superheated steam is used in this simulation due to the low mass flow required given its high latent heat,
high heat transfer coefficients, compatibility with the heat transfer fluids on both ends of the delivery line,
low delivery pump power, and NPP operatidasiiliarity [12]. The design requirements ensure tiplé

purposes are accomplished, includiNgP safety and efficient use of nuclear energy for the industrial
purpose. The design requirements do not necessarily ensure that the NPP operates at maximum efficiency
during TPD operations. A leading requiremehtt drives the design is that the reactor power of the BWR

is maintained at or slightly below the 100% steady power condition while the steam is maneuvered to allow
for thermal and electrical power dispatch to the coupled industrial process.

The steam fiw rate is controlled by an automatic pressure controller, which assists in maintaining a stable
pressure in the main steam header. In BWR operation, the reactor power is changed by increasing or
decreasing the flow of water through the BWR core. The fatsvis boiled in the reactor pressure vessel

and directed to the main steam header. The reactor steam pressure is controlled by the steamticinbine
modulates governor valves to maintain constant reactor prg3&iiren this design, turbine power follows

reactor power, which is different from a PWiRerethe reactor power follows the turbinewer. Since

BWR reactors are maintained by holding the steam pressure constant, it makes sense to control flow in the
XSL to maintain steam pressure in the main steam line and reactor pressure vessel. These controls must be
modulated because simply openihg steam extraction valve to the XSL system could cause the turbine
system to automatically respond and decrease turbine fpb2jer

Figure 2shows the piping system model for the delivery heat loop (DHL) in JTopmeret, a JADE program
used for modeling twqphase flow, typically for balance of plant systems. This version of the DHL is
modeled as an open loop with an appropriate mass sink and sourceHatptaat to represent the heat
transfer needed to create steamHemproduction. This approach does wapture the physics of the heat
exchange process with high fidelity, especially in terms of capturing transient effects during warm up or
other potential thermal power dispatch power changes. It is recognized that those precise dynamics depend
on the spetic thermal coupling to different industrial processes, including different levels and tydes of
production facilities. This approach does provide reasonable insights into the transient effects that the TPD
system has on the BWR plant. For transientlfiliynamic simulations, a pressure versus flow rate curve is
applied to the pump to provide the appropriate pressure rise as a function of desired pump fi@} rate

The DHL contains two options for flow contéol flow controller and a temperature controller. This
control scheme eliminates potential pressure instability issues in the XSL and main steam line. When the
TPD system is not operating but is expected to operate in the near future, it is beneficipltteKaees

heated and partially pressurized. This condition is referred to as Hot Standbywhedesteam pressure

is significantly lower in the XSL than in the main steam line because the low heat transfer across the
extraction heat exchangers lowdns thermal equilibrium of the steam. During the transition to full TPD,

the pressure in the DHL decreases dramatically if the flow rate is not controlled to ramp with the steam
extraction flow rate. The pressure slowly recovers as the heat transfezssathilring the transition. Large
pressure swings are undesirable not only because of increased wear on eqbipnaésd the additional
monitoring they require by the operator with increased potential for operator confusion and error. Sudden
depressurizion of the DHL system during power transitions is avoided by using the temperature after the
first heat exchanger as the control variable for the flow rate. This approach improves the control scheme
allowing the pressure to be maintained at a relativagi-tevel during transitions from Hot Standby to

TPD operating mode.
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2.3 Description of Experiment

Simulations were performed to test the transient response of the BWR plant due to the diversion of steam
from the main steam header to the thermal poweaetibn loop until a 15% reduction of electrical power
output was observed from the turbine. To accomplish this, two sets of setpoint conteliegicted in

Figure 2 were modulated until a pair of parameters were identified that reached the targjgtotiecrease

in electrical power generated by the primary hmgbssure turbine. In the XSL and DHL systems, two
mutually exclusive setpoint controllers exist to drive the flow of steam from the main steam line.

In the XSL, PG1000 is the setpoint contler that dictates the mass flow rate of the stegrthaned from

the main steam linevhile PG-1001 is the controller that sets the gauge pressure just before the first heat
exchanger. Both controllers feed information to the valve controller, whichegillate the governance of

the valve to let in steam at the appropriate rate to match the ramp set by the setpoint contrell@dd. PC

was chosen for this experiment, as the mass flow rate of steam removed from the main steam line has a
direct relationshifgo the amount of energy produced by the turbine and allows for the pressure within the
system to vary as needed. By pairing the governor valve restrictor controller with the mass flow rate sensor,
the flow leading to the XSL can be modulated instantamgamsl accurately. The mass flow rate that was
found to induce a 15% reduction in energy production of the turbine wadb39Gteady state.

The other set of controllergshich arelocated in the DHL, control either the temperature of the steam
heading ¢ theH: facility or the mass flow rate of the steam returning fromHhéacility. Considering that

the temperature of the steam arriving atthdacility is a critical parameter for the industrial process, this
variable was selected as the controlapaeter. Due to the nature of the thermodynamics of the heat
exchanger, the highest feasible temperature was found to be 510°F (265°C). As the temperature setpoint is
the variable being controlled on thi facility side of the heat exchangers, the mass flate of the steam

is allowed to vary as necessary to balance the heat flux flowing through the system. With the two setpoints
identified, 390bs/s steam extracted from the main steam line and 510°F steam being deliverdd.to the
facility, a safe rampate is needed. A conservative ramp time of 20 minutes from no flow to max flow was
chosen.

To determinewhetherthis ramp had deleterious effects on the reactor system, vital parameters were
identified that would give insight to the health of the reactor core. Primary diagnostic variables, such as
steam mass flow rate to the turbine, total steam flow through timesteam header, steam flow to the XSL,

and turbine electrical power, were tracked to show the direct functional performance of the system. The
average feedwater temperature going into the core and core power were also tracked to determine to what
extent he diversion of steam would affect reactor power and temperature differential. Finally, the reactor
dome pressure, main steam header pressure, and core void fraction were tracked during the ramp to give
insight on the behavior of the moderator in the @oré if the pressure changes seen in the core would be
propagated down the line.

3 Simulator Results for Transitioning between Hot Standby and Thermal Power Dispatch

The simulation began fromHot Standbywith an assumed negligible steam flow divertech® XSL and

was ramped up to 390 lbs/s at a rate of 20 Ibs/s per minute while maintaining a steam delivery temperature
of 510°F (265°C). For operation, some amourioivould need to be diverted through the XSL to maintain

Hot Standbyfor the system. As thamount of steam needed to be diverted was dependent on the needs of
the industrial heat user, this simulation was performé&b#t Standbyo determine the transient effects of
standing up this system. Once the target mass flow rate was reachedaitihf@iewas heldt asteady

state for 10 minutes to observe behavior, then ramped down at the same rate until 0% flow was achieved.
Throughout this test, the main parameters that were manipulated were the steam flow rate diverted to the
XSL, which was ramped at a consistent rate, and the temperature of the steam that was deliveret to the
production facility, which was held constant at 510°F. The corresponding response to the manipulated
steam flow is shown ifigure 3
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Figure 3.System steam flow ratresponse from ramping diverted steam to XSL from 0 Ibs/s to 390 Ibs/s

The general trends seerFigure 3demonstrate the observed response of the system. As steam was diverted
from the main steam header to the XSL, the steam delivered to the turbreduéed. The resulting
reduction of steam to the turbine yields a decrease in the electric power output from the turbine. Ramping
the steam delivery to the XSL to 390 Ibs/s resulted in a steady state turbine electric power of 720 MW,
which is a 15% dromielectrical power production from the rated ~845 MW. Though the steady state steam
flow through the XSL was 390 Ibs/s, it was observed that the steam flow to the turbine only decreased by
352 Ibs/® from 2780 Ibs/s atlot Standbyto 2428 Ibs/s at steadyase steam extraction. This unequal drop

in steam flow to the turbine can be attributed to the increase in total steam flow out of the core. The total
steam flow, as can be seerFigure 3 increases slightly with the maximum deviation being an additional
13.3 Ibs/s increase in steam flow. The trend with turbine electrical power and steam removal are both linear,
which can yield a relationship between the expected changegawattgeneraéd anda mass flow rate

of steam. The equation below details this relationship and the derived ratio. It is important to note that a
13.4% removal of steam flow to the turbine resulted in a 15% decrease in electrical power. This unequal
drop in electricapower production due to the removal in steam indicates a drop in turbine performance as
the flow of steam is reduced.
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The drect effects on the systemsnoted above, also carried some important downstream effects on the
overall plant as wellasshown inFigure 4andFigure 5 respectively The average feedwater temperature

to the reactor vessel trended downward with theedesed flow rate of steam to the turbineHat Standby

conditions, the average feedwater temperature was observed to be 421°F. This temperature dropped to
410°F at 15% electrical power removal from the turbine, which is a 3% decrease in feedwater teeperat

The decrease in feedwater temperature had an almost equal but opposite effect on the power level of the
reactor. The reactor 6s pdaringHot Stapdbyeof 99.28& f rated poiveri t i a l
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but rose 2.04% to 101.32% at steady stateditions. The decreased feedwater temperature decreased the
void fraction of the lower third of the reactor core, resulting in an increase in moderation of the neutrons.
The increased moderation yielded an increased thermal neutron population, whieth tre@ fissions to

take placeand thus more thermal energy to be introduced into the system.

The increase in percent power violates the safety limit that prohibits the reactor from generating more than
its reported rated power. To counteract this effibet feedwater flow rate to the reactor could be decreased

by ramping down the feedwater circulating pumps, which would decrease the power of the reactor. The
decrease in mass flow rate of the water entering the core would offset the decrease in feadpertztiure
observed, which would counteract the observed increase in thermal power. This will balance the increased
temperature rise across the core and help to maintain reactor power at or below 100%. This would most
likely cause the steam flow rate dlugh the main steam header to decrease slightly below the 100% power
flow rate, rather than increase, as shown in the present example.

Figure 5shows the more nuanced effects the transient had on the core. The reactor dome pressure and main
steam header pssure both dropped with the decrease in steam flowing to the turbine, due to the imperfect
compensation by the BWR pressure control system. The trends are not linear, with deep and gradual curves
yielding local maxima at 3300s and 7000s. The pressuttasnflaut during steady state, which indicates

that the steam supply system pressures would not continue to deviate during norrrtelntoogeration

at this configuration. The core void is represented on this graph as well. With the decreased feedwater
temperature, the voids within the core would see a noticeable drop, particularly toward the bottom of the
flow channels. Due to the long ramp time, however, the positive reactivity insertion associated with a
decrease in void did not yield a change in reaptwer that would negatively affect the integrity of the

fuel, clad, or assemblies. The change in void only takes place in the thousandths position, indicating a
change that would not be detrimental to the expected flow regime in the core, indicatinethat
thermodynamic behavior of the moderator would remain consistent through the ramp and steady state
operation.
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Figure 4.Transient effects of diverting steam from turbine to reduce electrical power by 15% on average
feedwater temperature and reactore power.
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Figure 5.Transient effects on reactor dome pressure, main steam header pressure, and reactor void.

Figure 6 through Figure €how the results of the same analysis with decreasing the feedwater recirculating
pump speed to maintain the reactor power less than the rated piguee. 6shows the stepped reduction

and increase of recirculation pumps A and-Bjure 7shows similaresults toFigure 5 butit also shows

a 2% decrease in the main steam header flow rate from 2937 Ibs/s to 2879 Ibs/s as the recirculation pump
flow rates are reducedhe oscillations in the reactor power and void fractions are due to the step changes
in feedwater recirculation pump flow rat@his analysis shows that the reactor power can be maintained
under 100% rated power for a 15% reduction of the electrical power output from the.turbine
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Figure 6.Normalized Recirculation Pump A and B speed.

Figure 7.System steam flow rate response from ramping diverted steam to XSL from O Ibs/s to 390 Ibs/s
with variable pump speed
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